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ABSTRACT 21 
 22 
BACKGROUND  23 
The aim of the study was to quantify the effects of the use of a protease “RONOZYME® 24 
ProAct” in broiler feed on the environmental impacts of broiler and broiler feed production 25 
chains. This was done by using a Life Cycle Assessment (LCA) modelling approach with data 26 
from trials using both standard soya-based broiler diets and reduced protein diets with added 27 
protease.  28 
 29 
RESULTS  30 
The results for the feed production chain showed that there was a reduction in all environmental 31 
impact categories, when protease was used in the diets. The biggest reduction occurred in the 32 
category of Global Warming Potential, mainly as a result of decreased CO2 emissions from land 33 
use changes related to soya production. In the results for the broiler production chain, there were 34 
relatively bigger reductions in Eutrophication Potential and especially in Acidification Potential, 35 
mainly as a result of reduced feed protein content and subsequent nitrogen emissions from 36 
housing and manure management.  37 
 38 
CONCLUSIONS 39 
The use of protease in the broiler diets reduced the environmental impacts of both the feed 40 
production and broiler production. The latter is mainly through reduced ammonia emissions, 41 
which has substantial benefit per se in poultry industry.  42 
 43 
Keywords 44 
Acidification Potential, Ammonia emissions, Broiler production, Global Warming Potential, 45 
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 47 
 48 
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INTRODUCTION 49 
  50 
Agricultural production and especially livestock systems have generally been considered to 51 
have various negative environmental impacts, including nutrient leaching and a significant 52 
contribution to global warming.
1
 Amongst different livestock production systems, poultry 53 
production has been found to be relatively “environmentally friendly”.2 Despite for example 54 
relative low greenhouse gas emissions, poultry systems have, however, some features that 55 
require special attention in terms of their environmental impacts. These particularly include 56 
nitrogen emissions, for example in the forms of ammonia emissions to air, nitrous oxide 57 
emissions that contribute to global warming, and nitrate leaching. These emissions can occur at 58 
all stages of the poultry production chain, including growing the feed crops, housing the birds 59 
and finally managing the manure. Some can have relatively local effects, e.g. ammonia can have 60 
harmful effects close to poultry buildings, while other emissions cause global effects, e.g. 61 
nitrous oxide. 62 
 63 
A systematic, quantitative approach is needed to evaluate the environmental impacts in complex 64 
agricultural systems and especially in livestock production where the environmental burdens 65 
related to feed production, processing and transport, together with the emissions from animal 66 
housing and manure managements should be taken into account. A method called Life Cycle 67 
Assessment (LCA) has been found to be a suitable approach for such research problems, as it is 68 
designed to account for all burdens occurring during the whole production and consumption 69 
cycle, starting from raw material extraction through to the disposal of end products.
3,4
 This 70 
method is also able to quantify multiple categories of environmental impacts, e.g. acidification 71 
and eutrophication, in addition to the more widely considered “carbon footprint”, which is the 72 
only focus of some other environmental impacts assessment frameworks. In LCA, impacts are 73 
quantified in relation to the functional unit, which is a defined output of the production system. 74 
 75 
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The composition of feed has been found to have a major effect on the environmental impacts of 76 
broiler production, as it contributes both to the emission arising from the feed production chain 77 
and from the broiler housing and subsequent manure management.
5
 One suggested method to 78 
reduce such emissions is to reduce the required amount of dietary protein (and the nitrogen 79 
content) of the feed by adding a specific enzyme, protease, to the feed, aiming to improve the 80 
protein utilization of the animals.
6
 The aim of the present study was to quantify the effects of the 81 
use of a protease “RONOZYME® ProAct” in broiler diets on the environmental impacts, 82 
especially those affected by the nitrogen emissions, in the context of standard indoor broiler 83 
production in the UK. This was done by using a Life Cycle Assessment (LCA) modelling 84 
approach for different scenarios of broiler production where diets either (a) without protease 85 
with standard protein content, or (b) with protease combined with reduced protein content were 86 
applied.  87 
 88 
MATERIAL AND METHODS 89 
 90 
The approach taken in the current study was Life Cycle Assessment based on systems 91 
modelling of agricultural production as described by Williams et al.
7-9 
and Leinonen et al. 
10,11
 92 
This included both structural models of the industry and mechanistic process models that were 93 
unified in the systems approach so that changes in one area caused consistent interactions 94 
elsewhere. This approach was applied to both feed crop and animal production.  The systems 95 
modelled in this study included crop production, non-crop nutrient production, feed processing, 96 
breeding, broiler production (including farm energy and water use and gaseous emissions from 97 
housing), and manure and general waste management.  98 
 99 
The structural model for the broiler system calculated all of the inputs required to produce the 100 
functional unit, taking into account breeding overheads, mortalities and productivity levels. It 101 
also calculated the outputs, both useful (broilers) and unwanted (e.g. wastes and mortalities). In 102 
the model, changes in the proportion of any activity must result in changes to the proportions of 103 
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others to keep producing the desired amount of output.  Establishing how much of each activity 104 
was required was found by solving linear equations that described the relationships that linked 105 
the activities together. 106 
 107 
The model calculated the nitrogen, phosphorus and potassium contents of the manure according 108 
to the mass balance principle, i.e. the nutrients retained in the animal body were subtracted from 109 
the total amount of nutrients obtained from the feed. For the purpose of the study, it was 110 
assumed that all manure was used for soil improvement as a fertiliser. 111 
 112 
A separate sub-model for arable production was used to quantify the environmental impacts of 113 
the main feed ingredients, with main features as in Williams et al.
9
 All major crops used for 114 
production of broiler feed were modelled. For the crops produced overseas (e.g. soya, maize and 115 
sunflower), the production was modelled based as closely as possible on local techniques. 116 
Transport burdens for importing overseas crops and burdens from processing the feed were also 117 
included.  118 
 119 
According to a widely accepted carbon footprinting method, PAS 2050,
4
 the direct greenhouse 120 
gas (GHG) emissions resulting from recent land use changes (LUC) for crop production must be 121 
included in the carbon footprint (i.e. the sum of the GHG emissions per unit of mass of the 122 
product) of each crop. Most GHG emissions from LUC are as CO2 from loss of soil and 123 
biomass carbon. “Recent LUC” is defined as having occurred during the last 20 years in PAS 124 
2050.
4
 This time period is arbitrary, given the non-linear rates of change in soil carbon, but is 125 
considered to be a pragmatic value that covers the largest change and the time during which the 126 
change is nearly linear. In this study, the LUC emissions were mainly related to soya production 127 
and arise from changes from forest or pasture (natural or managed) to arable land. The pasture is 128 
mainly cerrado in Brazil and pampa in Argentina, which are the main origin countries of soya 129 
used in the UK .
12
  130 
 131 
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PAS 2050:2011 also states that “Where the country of production is known, but the former land 132 
use is not known, the GHG emissions arising from land use change shall be the estimate of 133 
average emissions from the land use change for that crop in that country”. In this study, a 134 
weighted average for soya was derived from an analysis of land use and crop production 135 
statistics of the United Nations Food and Agricultural Organization.
12
 The data were analysed to 136 
estimate to rates of change of types of land use and the degree of interchange between crops, 137 
taking into account that some soya expansion is actually from existing arable land. This was 138 
used to estimate the proportions of soya grown on mature arable land and on that converted 139 
from pasture, forest or other land in Brazil and Argentina. LUC emissions were amortised over 140 
20 years for each unit area of land, as in Audsley et al.
13
 Annual rates of LUC emissions taken 141 
from PAS 2050
4
 were combined with the national yields of soya reported by FAO
12
 to obtain 142 
LUC emissions per unit mass of soya. As the overall result of the analysis, the LUC effect of 143 
1.3 kg CO2 was included in the GHG emissions arising from production of 1 kg of soya meal 144 
used for broiler feed in the UK. 145 
 146 
In order to model the emissions from the manure, the current study followed the principles of 147 
Audsley et al.
14
 and Williams et al.,
7,9
 taking a long-term approach to agriculture, for example 148 
ensuring that nitrogen emissions and uptake from manure are accounted for on an infinite time 149 
horizon. This differs from the shorter term methods that are often applied in less mechanistic 150 
carbon footprinting approaches
4
. Poultry manure is a source of direct gaseous emissions of 151 
ammonia (NH3), nitrous oxide (N2O) and to a lesser extent methane (CH4), which occur during 152 
housing, storage and land-spreading and were quantified with a separate manure sub-model. 153 
Emissions of NH3, N2O and CH4 arising from excreta during housing were calculated following 154 
the methods of Williams et al.,
7
 which are based on UK national inventories.
15-18
 For example, a 155 
nitrogen (N) flow approach is built into the NH3 inventory, so that N ingested must be 156 
rigorously partitioned through mass balances into N in production and excreted N, which 157 
provides the quantities of N to which volatilised N is related. The emissions of N2O and CH4 are 158 
“unofficial” Tier 2 methods in that UK-specific emission factors for emissions from housing are 159 
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used in this study, but these have not yet been incorporated into the UK GHG inventor for 160 
agricultures, which is undergoing major revisions (www.ghgplatform.org.uk).  Manure 161 
management also uses energy and these burdens were debited against the broilers (along with 162 
burdens from direct gaseous emissions). In the model, all of the nutrients applied to the soil as 163 
manure were accounted for as either crop products or as losses to the environment.
19
 The 164 
benefits of plant nutrients (nitrogen, phosphorus and potassium) remaining in soil after land 165 
application were credited to broiler production by offsetting the need to apply fertiliser as 166 
described by Sandars et al.
19
 and Williams et al.
7
  167 
 168 
The production system in this study was considered to represent typical UK broiler production 169 
as described by Leinonen et al.
10
 In such a farm the total number of birds per house was 28 500 170 
and the stocking density 20.4 birds/m
2
. Energy consumption at the broiler farms for heating 171 
(0.19 litres liquefied petroleum gas per bird), lighting and ventilation (total electricity use 0.19 172 
kWh per bird), together with information on material consumption such as the type and amount 173 
of bedding (0.17 kg wood shaving per bird), were based on average data from typical farms, 174 
provided by the UK broiler industry.
10
 Also the information about broiler breeding and 175 
hatcheries was obtained from the industry.
10
 The data on the production of the protease came 176 
directly from the manufacturer. Other non-crop feed ingredients were assumed to be analogues 177 
of L-lysine, which is provided in diets as a pure amino acid. It is usually manufactured by a 178 
fermentation process using Corynebacterium glutamicum. Given that most other biologically-179 
based non-crop ingredients are produced in this generic way, the assumption was considered to 180 
be reasonable.  In addition, the inclusion rate on enzymes is much lower than pure amino acids. 181 
Hence any error introduced by the analogue assumption will be very small indeed.  Additional 182 
data, such as the life cycle inventories of agricultural buildings and machinery, came from 183 
Williams et al.
7
  184 
 185 
All experimental data on the effects of the dietary protease were provided by the industry or 186 
obtained from literature. The information on the composition of the broiler feed and the 187 
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performance (including feed consumption) of the birds within each feeding programme came 188 
from seven separate trials, the details of some of which were published earlier.
20-23
 In all these 189 
trials, two alternative feeding programmes, based either on standard soya-based diets or on low 190 
protein diets with protease supplement were applied in broiler production. The protease was 191 
added to the feeds based on the guaranteed analysis (75,000 PROT units/g) of the commercial 192 
product. Enzyme preparations (Ronozyme ProAct CT) were obtained from Novozymes A/S 193 
(Bagsvaard, Denmark). The protease used in this study was a commercial enzyme produced by 194 
submerged fermentation of Bacillus licheniformis containing transcribed genes from 195 
Nocardiopsis prasina. Enzyme activity for this protease is measured in PROT units, with 1 unit 196 
defined as the amount of enzyme that releases 1 μmol of p-nitroaniline from 1 μM of substrate 197 
(Suc-Ala-Ala-Pro-Phe-pnitroaniline) per minute at pH 9.0 and 37°C. 198 
The overview of each of the trial is shown in Table 1. Details of the diets (usually 3-4 199 
successive phase diets during the production cycle) are shown in the Supplementary 200 
Information for trials 1-6, and in Angel et al.
23
 for the trial 7. 201 
 202 
The Life Cycle Assessment was carried out separately for two alternative systems:  203 
 204 
1. Feed production chain included growing of feed crops, production of additives, processing 205 
of ingredients and mixtures, transport of the ingredients, production of fertilizers etc. The 206 
system boundary was the feed mill gate and the functional unit 1000 kg broiler feed, calculated 207 
on the basis of the relative amount of each phase diet consumed in each trial. The results of all 208 
trials 1-7 were applied in this analysis.  209 
 210 
2. Broiler production chain quantified all impacts related to feed production (as above) and 211 
included also energy use in housing the broilers, emissions from broiler house and storage and 212 
land spreading of the manure, broiler breeder production, hatching etc. The functional unit was 213 
1000 kg expected broiler carcass weight at the farm gate. The expected carcass weight is the 214 
body weight excluding feathers, heads, necks, feet and internal organs. In this study a constant 215 
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relationship between the carcass weight and live weight of the bird was assumed, based on the 216 
data from the UK broiler industry.
10
 As the trial 7 considered only the starter phase of the bird 217 
growth cycle and therefore did not produce finished broilers, this trial was excluded from this 218 
analysis. An overview of the modelling of the broiler production chain, including the use of the 219 
data, is shown in the Figure 1. 220 
 221 
As an output of the LCA model, the calculated emissions were aggregated into environmentally 222 
functional groups. Nitrogen emissions have an important contribution to the following groups:  223 
 224 
Global Warming Potential (GWP) is a measure of the greenhouse gas emissions to the 225 
atmosphere, and was calculated here using a timescale of 100 years. The main sources of GWP 226 
are carbon dioxide (CO2) from fossil fuel and land use changes, nitrous oxide (N2O) and 227 
methane (CH4). GWP was quantified as CO2 equivalent: with a 100 year timescale 1 kg CH4 228 
and N2O are equivalent to 25 and 298 kg CO2 respectively. The sum of GWP per functional unit 229 
is also known as the “carbon footprint”. 230 
 231 
Eutrophication Potential (EP) is used to assess the over-supply (or unnatural fertilisation) of 232 
nutrients as a result of nutrients reaching water systems by leaching, run-off or atmospheric 233 
deposition. EP was calculated using the method of the Institute of Environmental Sciences 234 
(CML) at Leiden University (http://www.leidenuniv.nl/interfac/cml/ssp/index.html). The main 235 
sources are nitrate (NO3
-
) and phosphate (PO4
3-
) leaching to water and ammonia (NH3) 236 
emissions to air. EP was quantified in terms of phosphate equivalents: 1 kg NO3-N and NH3-N 237 
are equivalent to 0.44 and 0.43 kg PO4
3-
, respectively. 238 
 239 
Acidification Potential (AP) is mainly an indicator of potential reduction of soil pH (and 240 
causing damage to some building materials, like limestone). AP was also calculated using the 241 
method of the Institute of Environmental Sciences (CML) at Leiden University The main source 242 
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is ammonia emissions, together with sulphur dioxide (SO2) from fossil fuel combustion.  AP 243 
was quantified in terms of SO2 equivalents: 1 kg NH3-N is equivalent to 2.3 kg SO2. 244 
 245 
RESULTS 246 
 247 
The results for the environmental impacts arising from the feed production chain are presented 248 
in Table 2, where in all categories the impacts arising from the protease-supplemented diets are 249 
presented as a percentage of the soya-based (control) diets. The results show that there is a 250 
reduction in all environmental impact categories, per mass unit of feed, when protease is used in 251 
the diets. The main reason for this is the reduction of the amount of soya used in the diets. The 252 
biggest reduction occurs in the category of Global Warming Potential (up to 12 % reduction 253 
with an average of 5 %). This is mainly caused by decreased CO2 emissions from land use 254 
changes related to soya production and lower emissions from the transport of the soya. With the 255 
Eutrophication Potential, there were only small differences between the diets, while the 256 
Acidification Potential showed bigger reduction. This resulted from less use of soya, but the 257 
reduction is mainly from the transport step, which emits relatively large amounts of SO2 from 258 
marine fuels.  259 
 260 
Although the environmental impacts of production of the protease were relatively high per unit 261 
of the product (e.g. GWP 6.5 kg CO2 equivalent per kg of protease), the amount applied in the 262 
broiler diets was so small that the protease inclusion itself had only a minimal effect per unit of 263 
broiler feed. 264 
 265 
In Table 3, the results for the environmental impacts arising from the whole broiler production 266 
chain are presented. Again, in order to make the results comparable, the impacts arising from 267 
production with the protease diets are presented as a percentage of the impacts with the control 268 
diets. For these results, the absolute values of the impacts can be seen in the Supporting 269 
Information. In the results, there were relatively bigger reductions in Eutrophication Potential 270 
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and especially in Acidification Potential, compared to the feed production chain alone. For 271 
Acidification Potential, the maximum reduction was 9 % and the average reduction 5 %. The 272 
reason for this is that a major part of these impacts arises from the emissions from housing and 273 
manure management. When protease was used in the diets, the crude protein content of the feed 274 
was reduced, reducing the amount of nitrogen in manure. This reduced the emission of 275 
ammonia, affecting both the Acidification and Eutrophication Potentials, and leaching of nitrate, 276 
affecting the Eutrophication Potential.  277 
 278 
Ammonia emissions from housing and manure were the biggest single source of emissions 279 
contributing to the Acidification Potential in broiler production chain. In general, ammonia 280 
emissions are considered to be problematic in poultry production and a subject of regulation in 281 
the case of large broiler production units.  Therefore, a substantial benefit of reducing the 282 
protein content of the diet is the reduction of ammonia emissions per se. This is presented in 283 
Table 4, which shows the absolute values of the ammonia emissions to air (kg NH3 / 1000 kg 284 
broiler carcass at farm gate) for each of the trial considered in this study, both for the standard 285 
soya based diet and for the alternative low protein diet with protease supplementation.  286 
 287 
DISCUSSION 288 
 289 
The main differences in the broiler feeding programmes with and without protease were the 290 
amount of soya used in the diets. In general, the amount of soya bean meal removed from the 291 
diet when protease was applied was relatively small, which set the limits for the magnitude of 292 
the resulting reduction of GWP. However, there was one exception: the protease-supplemented 293 
diet in the trial 7,
 23
 which considered the starter phase of the broiler production only, had a big 294 
reduction of soya (from 29 % to 23 % on the weight basis),
23 
and as a result, there was a 295 
substantial reduction of the GWP arising from feed production (by 12%). However, it should be 296 
noted that as not containing the whole production cycle, the results of this trial are not directly 297 
comparable with the other studies. 298 
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 299 
A large part of the reduction of the GWP observed in this study is a result of reduced 300 
greenhouse gas emissions arising from land use changes. These emissions should be allocated to 301 
production of certain crops, including South American soya, unless the exact origin of the crop 302 
is known and certified to be “mature” agricultural land, as specified for in PAS 20504. However, 303 
it should be noted that currently there is no single generally accepted method how to account for 304 
the greenhouse gas emissions related to land use changes.
24,25 
In this study, a method 305 
recommended by PAS 2050 was used, but alternative methods could produce strongly differing 306 
results when different diets containing varying amount of soya are compared. For example, it 307 
should be noted that there is a more recent version of the PAS 2050 specification
26
, where in 308 
some cases it is recommended that from two optional accounting methods, the one producing 309 
the “highest calculated value” of GHG emissions should be used in the assessment. This 310 
approach was not used in this study because it was considered that systematically selecting a 311 
higher value from two options would violate the Completeness and Consistency principles of 312 
the PAS 2050 guidelines and lead to overestimation of the emissions, as discussed by Leinonen 313 
et al.
24
 Also, the calculations of the environmental impacts of soya meal were based on the 314 
current mixtures of sources of soya bean and soya meal in the UK. If more soya was sourced 315 
from Brazil rather than Argentina, this would increase the overall GWP of the soy meal, and 316 
this would also increase the relative reduction of this impact when protease is applied in the 317 
diet. 318 
 319 
Amongst the other environmental impacts associated with the feed production, in the 320 
Eutrophication Potential, there were only small differences between the diets, while the 321 
Acidification shows bigger reduction, again as a result of lower requirements of soya. Amongst 322 
all the feeding programmes analysed, the biggest reductions occurred in the study by Angel et 323 
al.
23
 where more soya is removed from the diets that in other studies.  324 
 325 
   Page 13 of 25 
In the results of the analysis of the whole broiler production chain (Table 3), in Global Warming 326 
Potential the reductions in environmental impacts were smaller than in the case of the feed 327 
production chain. The reason for this is that in broiler production there are greenhouse gas 328 
emissions arising from other sources than feed and manure (where the N2O emissions are 329 
affected by the nitrogen content of the diet). The additional sources include for example the 330 
farm fuel and electricity use, and these are not expected to be affected by the differences in the 331 
diets. In contrast, there were relatively bigger reductions in Eutrophication Potential and 332 
especially in the Acidification Potential in the overall broiler production, compared to the feed 333 
production chain alone. The reason for this is that a major part of these impacts arises from the 334 
emissions from housing and manure management. When protease was used in the diets, the 335 
crude protein content of the feed was reduced, which automatically reduces the amount of 336 
nitrogen excreted by the birds even if the nitrogen retention remains constant. This effect 337 
reduced the emission of ammonia (presented in Table 4), which affects both the Acidification 338 
and Eutrophication Potentials, and leaching of nitrate, affecting the Eutrophication Potential, 339 
and also has indirect effects on Global Warming Potential by contributing to the emission of 340 
nitrous oxide.  341 
 342 
In general, the use of protease systematically reduced all environmental impacts considered in 343 
most of the trials analysed in this study. The only exception was the trial 6, where the birds with 344 
the low protein diet had a worse performance (higher feed consumption per unit of live weight 345 
and higher mortality) than the control birds (Details of the bird performance in all trials are 346 
shown in Supplementary Information). This trial differed from the others in the respect that 347 
rapeseed meal (and to a lesser extent sunflower meal) was used as a major protein source in 348 
addition to soya bean meal, which was the main protein source in other experiments. Whether 349 
the effect on performance was related to the enzyme specificity for the protein structure per se 350 
of these materials or rather that the protein in such materials is simply less accessible to the 351 
protease due to the complex cell wall structure is unclear.  However, it should be also noted that 352 
in this trial the reduction in the amino acid content in the low protein diet was larger than in 353 
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some others.  This may also have had effect on the bird performance. As a result of reduced 354 
performance with the low-protein diet in this trial, the impacts in all categories were higher with 355 
the protease diet compared to the control treatment. This demonstrates the fact that although the 356 
reduction of soya has potential to reduce the environmental impacts, it should be done in a way 357 
that has no negative effect on bird performance. Otherwise the beneficial effects of such diet 358 
changes can be easily lost. 359 
 360 
In order to compare statistically the environmental impacts for example between different 361 
production methods, the uncertainty related to the estimates of the impact categories should also 362 
be taken into account. In earlier LCA studies on poultry production the uncertainty has been 363 
estimated using Monte-Carlo simulations
10,11
, or with analytical error propagation
27
. These 364 
approaches would require quantitative estimates of the uncertainties of the model inputs, which 365 
were not available for all the data applied in this study, so any formal uncertainty analysis was 366 
not carried out. However, it should be noted that the uncertainty analysis should focus on those 367 
model variables the uncertainty of which is expected to vary between the systems in 368 
consideration, i.e. the “alpha” uncertainties.10,11,27 In all the trials analysed in this study, both 369 
treatments were carried out in a similar environment, so differences could be expected only in 370 
the feed composition  and in the animal performance. The feed composition was well specified, 371 
so minimal uncertainty was expected to occur in this quantity. Furthermore, the origin of the 372 
feed ingredients was the same for both treatments, with only their relative amounts varying. As 373 
a result, the main findings of the environmental benefits of protease can be expected to contain 374 
only minimal uncertainty when the feed production chain is considered. In the broiler 375 
production chain, the differences in bird performance remain the only potential major source of 376 
the “alpha” uncertainty. It can therefore be concluded that the predicted environmental benefits 377 
with protease will be achieved with high certainty unless there are any negative effects on 378 
animal performance. In most of the original trials the data of which was used in this study, such 379 
effects were not observed. 380 
 381 
   Page 15 of 25 
The magnitude of the reduction of environmental impacts in this study was similar or higher 382 
compared to other studies aiming to reduce the soya in broiler diets. For example, Leinonen et 383 
al.
5
 found that when using “realistic” inclusion rates of peas replacing part of soya as a protein 384 
source in broiler diets, the GWP of broiler production could be reduced by about 4%, i.e. with a 385 
similar magnitude as observed in many trials analysed in this study. With other European 386 
protein sources (beans, sunflower) in diets, the reduction was smaller or did not exist
5
. 387 
However, it should be noted that in those studies the performance of the birds was assumed to 388 
remain unchanged; if, in reality, the alternative protein crops have negative effects e.g. on the 389 
growth, the environmental benefits can be expected to even smaller. Similarly, other studies 390 
have also found a limited potential of alternative protein crops in reduction of the impacts of 391 
livestock production.
28, 29
 This indicates that when aiming to improve the environmental 392 
performance of livestock, the use of protease in feed is a promising option, either as used alone 393 
or combined with other dietary alterations, together with other changes in animal husbandry.   394 
 395 
Amongst different methods aiming to reduce the ammonia emissions arising from poultry 396 
production, a nutritional solution can be considered to be the most practical as it requires no 397 
changing in building design or use of retrofitted scrubbers. Reduced ammonia emissions should 398 
also improve air quality for both birds and workers. In broiler production, the main motivation 399 
for using protease is reduction of feeding costs, as protein is one of the most expensive 400 
components in diets. The results of this study suggest that with protease supplement, as far as 401 
there are no negative effects on bird performance, this economic benefit can also be combined 402 
with environmental improvements. 403 
 404 
CONCLUSIONS 405 
 406 
The use of protease in the broiler diets and the resulting reduction of the use of soya reduced the 407 
environmental impacts of both the feed production (mainly Global Warming Potential) and 408 
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broiler production (mainly Acidification Potential) chains. The latter is mainly through reduced 409 
ammonia emissions, which has a range of environmental benefits.  410 
 411 
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Table 1.The overview of the feeding trials applied in this study. 
Trial Final age of 
birds (d) 
Slaughter weight 
(kg) 
Number of 
phase diets 
Source of data 
Trial 1. 42 3.1 – 3.2 3 Olukosi et al.20 
Trial 2. 39 2.3 – 2.4 3 Leleu et al.21 
Trial 3. 42 2.4 – 2.5 3 Gornowicz 22 
Trial 4. 42 2.4 – 2.5 3 Unpublished data* 
Trial 5. 34 2.0 3 Unpublished data* 
Trial 6. 40 2.3 – 2.4 4 Unpublished data* 
Trial 7. 22 N/A 1 Angel et al.
23
  
 
*Data provided by DSM Nutritional Products 
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Table 2. The relative environmental impacts Global Warming Potential (GWP), Eutrophication 
Potential (EP) and Acidification Potential (AP) arising from production of the low-protein feed 
with protease supplement compared to production of standard soya-based feed, per mass unit of 
feed at feed mill gate. 
 
GWP EP AP 
Trial 1. 97% 100% 98% 
Trial 2.  97% 98% 96% 
Trial 3.  95% 100% 97% 
Trial 4.  94% 99% 96% 
Trial 5.   97% 100% 98% 
Trial 6  97% 99% 98% 
Trial 7.  88% 96% 94% 
Average 95% 99% 97% 
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Table 3. The relative environmental impacts Global Warming Potential (GWP), Eutrophication 
Potential (EP) and Acidification Potential (AP) arising from broiler production using the low-
protein feed with protease supplement compared to production with standard soya-based feed, 
per mass unit of expected carcass weight at farm gate.  
  GWP  EP AP 
Trial 1.  96% 94% 93% 
Trial 2.  98% 96% 95% 
Trial 3.  96% 93% 91% 
Trial 4.  96% 94% 92% 
Trial 5.  98% 97% 95% 
Trial 6.  102% 105% 105% 
Average 98% 97% 95% 
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Table 4. Emissions of ammonia (NH3) to air with the standard soya-based feed and a low-
protein feed with protease supplement, kg NH3 per 1000 kg expected broiler carcass at farm 
gate. 
Trial Standard 
a
 Protease 
b
 
Trial 1.  26.9 24.8 
Trial 2.  25.7 24.3 
Trial 3.  23.8 21.5 
Trial 4.  25.7 23.6 
Trial 5.  23.0 21.9 
Trial 6.  29.0 30.6 
 
a 
standard soya-based diet  
b 
low-protein diet with protease supplement 
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Figure 1. Outline of the broiler production modelling system applied in this study.  
 
 
